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Here, we first wished to establish for mouse primary keratinocytes (KCs) the Ca2+ concentrations that were associated with KC differentiation
in vitro. Using the range of Ca2+ concentrations (0–6 mM) to differentiate primary KCs in culture to varying extents for 2 days, we then examined
how KC differentiation impacted on expression of papillomavirus (PV) native (Nat) and codon modified (Mod) L1 genes. L1 mRNAs transcribed
from either Nat or Mod L1 genes were present in similar amounts in KCs exposed to six Ca2+ concentrations. However, expression of the L1
proteins from two Mod L1 genes were down-regulated, with no L1 signal detected in KCs exposed to 6 mM Ca2+. In contrast, L1 proteins
expressed from the two Nat L1 genes were not detectable in KCs without Ca2+, but dramatically up-regulated as the KC cultures exposed to Ca2+
from 0.5 to 2 mM, then down-regulated in KCs exposed to Ca2+ from 4 to 6 mM. The different regulatory roles of the Ca2+ in L1 protein
expression from Nat and Mod L1 genes in cultured KCs were confirmed by TGF-β1 experiments. We observed that aminoacyl-tRNAs (aa-
tRNAs) from the 2 mM Ca2+-treated KCs only significantly enhanced the Nat L1 mRNAs translation in vitro, suggesting that aa-tRNAs play a
differentially regulatory role in translations of the PV Nat and Mod L1 mRNAs. Importantly, the Ca2+ experimental model provides evidence that
mouse primary KCs could be transiently infected by BPV1 virus to express L1 mRNA and protein, which is very useful for future HPV virus
infection study.
© 2007 Elsevier Inc. All rights reserved.Keywords: Calcium; Keratinocytes; Differentiation; Papillomavirus; L1 genes; ExpressionIntroduction
Calcium (Ca2+) is a divalent cation, which plays a crucial role
in regulating numerous cellular metabolic activities both in
prokaryotic and eukaryotic systems (Petersen et al., 1994). As
one of a small number of second messengers, the Ca2+ has been
used by mammalian cells to control the complex biological
processes including proliferation and differentiation (Tu et al.,
2004). The differentiation of cultured epidermal cells and
keratinocytes (KCs) regulated by Ca2+ have been studied in
different laboratories (Bikle et al., 2004; Hennings et al., 1980b;⁎ Corresponding author. Fax: +61 7 32405946.
E-mail address: k.zhao@uq.edu.au (K.-N. Zhao).
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doi:10.1016/j.virol.2007.03.038Yuspa et al., 1988). While normal mouse and human KCs
proliferate when cultured in low Ca2+ media they can be induced
to terminally differentiate when exposed to high levels of
extracellular Ca2+. Terminal differentiation of epidermal basal
cells was also shown to be induced and enhanced at a restricted
Ca2+ concentration in the culture medium (Li and van Breemen,
1996; Yuspa et al., 1989). However, it is not clear how the
restricted Ca2+ concentration in the culture medium regulates
expression of both targeting viral and host genes in primary
KC cultures.
KCs are the host cells of human papillomavirus (HPV)
infection. Papillomaviruses are a family of dsDNA viruses,
which replicate exclusively in epithelium, promote cell growth
and affect cellular differentiation, giving rise to benign tumours
with, for some virus types, potential for malignancy. Notably,
Fig. 1. Expression of involucrin and K14 in the mouse primary KCs by Western
blot. Mouse primary KCs grown in KC medium supplemented with different
concentrations of extracellular Ca2+ (0–6 mM) for 2 days were harvested for
protein preparation. Expression of involucrin, K14 and β-tubulin was analysed
by Western blot.
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tion leading to cancers including cervical cancer, which is a
major cause of cancer death in women. The HPV life cycle is
tightly linked to epithelial cell differentiation. Production of
viral capsid proteins (L1 and L2) expressed from the late gene
(L1 and L2) is restricted to the most terminally differentiated
KCs in the upper layers of the epithelium. Previously, we have
demonstrated that production of both L1 and L2 proteins from
their mRNAs is post-transcriptionally regulated (Gu et al., 2004;
Zhou et al., 1999). However, we do not know whether and how
extracellular Ca2+ in the culture medium regulates expression of
PV L1 and L2 genes in primary KC cultures. Recently, we have
developed an efficient and reproducible technique for the
transient transfection of primary cultures of mouse KCs for L1
protein expression from both PV native (Nat) and codon
modified (Mod) L1 genes (Zhao et al., 2005). Thus, the focus of
the present study is on regulation of translation of HPV6b and
BPV1 Nat and Mod L1 genes by extracellular Ca2+ in primary
mouse and human KC cultures. We demonstrate that Ca2+
enhances KC differentiation to differentially regulate L1 protein
expression of the PV Nat and Mod L1 genes in transient
transfection assays. Transforming growth factor-beta 1 (TGF-
β1) treatment confirms the Ca2+ experimental model for L1
protein expression. We also demonstrate that a change in the
tRNA populations in cultured KCs treated with 2 mM Ca2+
enhances translation of native, but not codon modified PV L1
mRNA, in a cell-free translation system. Finally, we observed
that the mouse primary KCs exposed to high concentrations (2–
4 mM) of Ca2+ could be transiently infected by BPV1 virus to
express both L1 mRNA and protein.
Results
Morphological changes and involucrin expression of the KC
culture were associated with extracellular Ca2+ in medium
To establish the Ca2+ concentrations that were associated
with KC differentiation in vitro for mouse primary KCs, we first
prepared primary KCs from new born mouse and grew them in
KC medium supplemented with different concentrations of
Ca2+ (0 mM–6 mM) for 2 days. Resulting morphological
changes of the KCs cultured in medium containing 6 mM Ca2+
were clearly observed, which included a reduction of cell sizes
and irregular shapes (data not shown).
Next, to evaluate how extracellular Ca2+ enhances differ-
entiation of the cultured KCs, we examined expression of
involucrin by Western blotting (Fig. 1). Involucrin as a marker
of KC terminal differentiation is a structural protein that
functions as a precursor of the cornified envelope (Li et al.,
2000; Simon and Green, 1985; Yaffe et al., 1992). Involucrin is
expressed in a tissue-specific and differentiation-appropriate
manner in vivo (Crish et al., 1993; Dover and Watt, 1987).
Expression of involucrin in the primary KC cultures was
significantly enhanced by the increase of extracellular Ca2+
concentration (Fig. 1). We also observed that, following the
extracellular Ca2+ treatment, the primary KCs changed the
expression patterns of the other marker proteins by reducingexpression of basal keratin K14 (Fig. 1) in response to the
increased expression of other keratins K1 and K10 (data not
shown). Thus, the present results suggest that the increase of
involucrin expression in primary KC cultures was due to the
progressive terminal differentiation of the cultured KCs
enhanced by the extracellular Ca2+.
Ca2+ differentially regulates the expression of PV Nat and Mod
L1 genes in both mouse and human KCs
Using the range of Ca2+ concentrations to differentiate KCs
to varying extents, we examined how cell differentiation
impacted on expression of the papillomavirus (PV) L1 genes
in the mouse primary KC cultures. Quantitative RT-PCR
analysis revealed that there were no noticeable differences in
L1 mRNA levels transcribed from both Nat and Mod PV L1
genes in the mouse primary KCs whether they were grown in
Ca2+-free medium, or in medium containing different concen-
trations of extracellular Ca2+, even containing 6 mM Ca2+ (Fig.
2A). Transcripts of the γ-actin gene were also analysed by the
quantitative RT-PCR as the internal control (Fig. 2A). We then
examined expression of the L1 proteins from both Nat andMod
PV L1 genes in the primary KCs grown in medium with or
without extracellular Ca2+. Western blot analysis shows diffe-
rent expression patterns between Nat and Mod PV L1 genes
(Fig. 2B). Expression of the L1 proteins from the two Mod PV
L1 genes was consistently down-regulated with the increase of
the Ca2+ concentration in medium (Fig. 2B), with no L1 pro-
teins detectable in the KCs grown in medium containing 4 and
6 mM Ca2+ (Fig. 2B). In contrast, expression of the L1 proteins
from the two Nat PV L1 genes was up-regulated and reached
the highest levels when the KCs were grown in the medium
containing 2 mMCa2+ (Fig. 2B). Although expression of the L1
proteins from the two Nat PV L1 genes became down-regulated
when the KCs were grown in the medium containing 4 and
6 mM Ca2+, they were still detectable (Fig. 2B). To prove what
we observed for expression of the L1 proteins from both Nat
and Mod PV L1 genes in the mouse primary KCs, we also
investigated the expression of the L1 proteins from the four PV
L1 gene expression constructs in human primary KCs grown in
medium containing different concentrations of extracellular
Ca2+. Similar results were obtained (Fig. 3). Thus, the data
produced from both mouse and human primary KCs indicate
Fig. 2. Expression of the PV L1 genes in mouse primary KCs. Mouse primary KCs were cultured in the KC medium supplemented with different concentration of
extracellular Ca2+ (0–6 mM) for 2 days. The cells were then transfected with the PV Nat orMod L1 gene expression plasmids as indicated. RNA and protein samples
were prepared at 42 h post transfection. (A) Transcripts of the PV L1 genes were assessed by quantitative reverse-transcript PCR (RT-PCR). As controls, transcripts of
γ-actin gene were also analysed. Results are shown with the means (±S.E.M.) of four individual assays from two independent experiments. (B) Expression of the PV
L1 proteins was analysed byWestern blot using β-tubulin (Tub) as comparable loading control and quantified by densitometric analysis using the Imagequant program.
Results are shown with the means (±S.E.M.) of two independent experiments.
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regulated and associated with cell differentiation. It also
showed that Ca2+ enhances KC differentiation to differentially
regulate translation of the PV Nat and Mod L1 mRNAs.
Codon usage determines expression of the L1 protein from PV
Nat L1 gene associated with involucrin expression
We next investigated whether and how the L1 proteins
encoded by the HPV6b Nat and Mod L1 genes were co-
expressed with involucrin in the KCs (Fig. 4). The mouseprimary KCs were transfected with HPV6b Nat or Mod L1
gene after they were grown in medium containing 2 mM
extracellular Ca2+ for 2 days. The KCs at 42 h post-
transfection showed to have two distinct morphologies:
small and large cells (Data not shown). The small KCs with
small nuclei continue to proliferate in culture, while the large
cells are the differentiating cells that do not proliferate (Yan et
al., 2006). The L1-gene transfected KCs were then collected to
analyse the expression of the L1 protein and involucrin by
indirect immunofluorescence (Fig. 4). It is interesting to
observe that the L1 protein encoded by the Mod L1 genes was
Fig. 3. Expression of the PV L1 genes in human primary KCs. Human primary
KCs prepared from foreskin were cultured in keratinocyte-SF medium (Gibco,
Australia) at a low cell density of 2×104 cells per cm2. The KCs grown up to
70% confluent were treated with different concentrations of extracellular
calcium for 2 days. Then they were transfected with the four PV L1 gene
expression constructs described as above. At 42 h post-transfection, the KCs
were collected for protein preparation. L1 protein was analysed by Western
blotting using β-tubulin (Tub) as comparable loading control.
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involucrin expression and small nuclei (Fig. 4). In contrast, the
L1 protein expressed from the Nat L1 gene was only localized
in the differentiated KCs that exhibited well involucrin
expression and had large nuclei (Fig. 4). Thus, the results
indicate that codon modification results in expression of the
L1 proteins from the Nat and Mod PV L1 genes differentially
associated with involucrin expression in the cultured KCs due
to different differentiation states of the KCs.
TGF-β1 differentially affects protein expression of Nat and
Mod PV L1 genes
The induction in expression of PV Nat L1 protein and the
reduction in expression of PV Mod L1 protein in response to
Ca2+ could be due to a number of events. For example, it could
be 1) a Ca2+-dependent event, 2) it could be associated with the
growth inhibition that accompanies Ca2+ treatment or 3) it could
be due to the induction of differentiation by Ca2+. TGF-β1 is a
physiologically important regulator of KC behavior and is able
to a) suppress KC proliferation, b) suppress squamous
differentiation and c) induce extracellular matrix production
(Cui et al., 1995; Dahler et al., 2001; Pavio et al., 2005;Fig. 4. Expression of the PV L1 proteins in individual KCs. KCs grown in the medium
for a HPV6b Nat orMod L1 gene as indicated. At 42 h after transfection, the KCs we
involucrin (red), and nuclei counterstained with DAPI (blue). Overlaid panes combiSaunders and Jetten, 1994). Thus, we investigated whether and
how TGF-β1 affected the expression of the PV L1 proteins
from either Nat orMod PV L1 gene expression constructs in the
mouse primary KCs. TGF-β1 treatment to the primary KC
cultures was carried out before transfection of the PV L1 gene
expression constructs as detailed in the Materials and Methods
section. Results clearly showed three points (Fig. 5). Firstly,
TGF-β1 treatment did not affect transcription of the PV L1
mRNAs in the mouse primary KC cultures (Figs. 5A–D).
Secondly, TGF-β1 inhibited the expression of the Nat L1
protein expression in differentiating KCs (Figs. 5A and B) but
did not inhibit the expression of the L1 proteins from the two
PV Mod L1 genes (Figs. 5C and D). Thirdly, the inhibitory
effects of TGF-β1 on expression of the L1 proteins from the
Nat L1 genes were eliminated in the Ca2+-treated KCs (Figs.
5A and B). These data clearly show that the effects of Ca2+ on
the expression of the PV L1 proteins from Nat orMod L1 genes
was not due to a Ca2+-specific phenomenon but is associated
specifically with the differentiation status of the KCs.
tRNAs from 2 mM Ca2+-treated KCs enhances translation of
PV Nat L1 genes
Recently, we demonstrated that supplementation of exo-
genous aa-tRNAs from differentiated KCs enhanced the
translation of PV Nat L1 genes in cell-free in vitro translation
experiments (Zhao et al., 2005). Thus, to study whether and
how Ca2+ affects translation of the PV L1 genes in rabbit
reticulocyte lysates (RRL) cell-free in vitro translation system;
we examined expression of the L1 proteins from the four PV
L1 genes in RRL in vitro translation reactions with the
addition of 2 mM Ca2+. We used this Ca2+ concentration
because it showed the maximum enhancement of the L1
protein expression in primary KC culture. The additional Ca2+
completely inhibited the translation of the PV L1 genes (Fig.
6A), indicating that Ca2+ plays the regulatory roles in L1
protein expression in RRL system different from those in KC
culture system. Therefore, we examined whether addition ofcontaining 2 mM Ca2+ for 2 days were transfected with an expression construct
re stained by indirect immunofluorescence for HPV6b L1 protein (green) and for
ne all three images. All pictures ×400.
Fig. 5. Effects of TGF-β on translation of the PV Nat L1 genes in mouse KC
cultures. Mouse primary KCs were grown in KC-SF complete medium
containing 0.09 mM Ca2+ (Gibco, Australia) for 2 days. Then they were treated
with 20 ng/ml TGF-β (Sigma, Australia), or with 20 ng/ml TGF-β plus 2 mM
Ca2+ for 24 h. After TGF-β treatment, the KCs were transfected with the PV Nat
(A and B) andMod L1 gene expression constructs (C and D) described as above.
The L1-transfected KCs were collected for RNA and protein preparations. L1
protein was analysed by Western blot using β-tubulin (Tub) as comparable
loading control. L1 mRNAwas assessed by RT-PCR using actin RNA (Act) as
an internal standard.
Fig. 6. tRNAs from the mouse primary KCs cultured in mediumwith 2 mMCa2+
enhanced translation of the Nat PV L1 proteins in a cell-free translation system
for 15 min using rabbit reticulocyte lysate in the presence of [35S] methionine.
35S-labeled L1 protein separated by SDS-PAGE was blotted onto PVDF
membrane. The blots were imaged by PhosphoImage screen and quantified by
densitometric analysis using the Imagequant program. (A) L1 protein production
was completely inhibited by addition of 2 mM Ca2+ in a cell-free translation
system. (B) Fractionation of total tRNAs isolated from mouse primary KCs
cultured in KC medium with or without 2 mM Ca2+ for 2 day. 2 μg tRNAwas
fractioned by 15% denaturing PAGE containing 8 M Urea and 0.1 M sodium
acetate (pH 5.2). L1 protein production with supplementation of the reaction
mixture with different concentration of aa-tRNAs from the mouse primary KCs
cultured in medium without Ca2+ or with 2 mM Ca2+ are shown in panels C and
D for PV Mod L1, and in panels E and F for PV Nat L1. Means (±S.E.M.)
indicate the L1 production from four independent experiments quantitated by
scanning densitometry of autoradiographs (lower panels). Statistical analysis of
the results from individual treatments from these experiments was conducted
using analysis of variance and paired t-test (P<0.05 and P<0.01) compared
with adding of aa-tRNAs from the KCs cultured in medium with or without
extracellular Ca2+ as shown.
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in medium containing 2 mM Ca2+ could enhance the
translation of the PV L1 genes. Supplementation of aa-
tRNAs from the mouse KCs grown either in Ca2+-free
medium or in medium containing 2 mM Ca2+ in in vitro
translation reactions had few effects on the translation of PV
Mod L1 genes (Figs. 6C and D). In contrast, introduction of
exogenous aa-tRNAs from the mouse KCs grown in medium
containing 2 mM Ca2+ significantly enhanced the translation
of both HPV6b Nat L1 and BPV1 Nat L1 proteins (Figs. 6E
and F). In separate experiments, we observed that gel profile
of the tRNAs prepared from the KCs grown in the Ca2+-free
medium is distinctly different from that the KCs cultured in
the medium containing 2 mM Ca2+ (Fig. 6B). Thus, the result
may suggest that extracellular Ca2+ enhances KC differentia-
tion in culture to change the tRNA populations, which
differentially match codon composition of the PV Nat and
Mod L1 genes to regulate their protein translation.
L1 protein expression from transient infection of BPV1 virus in
mouse primary KCs is also associated with extracellular Ca2+
Considering that expression of the PV L1 genes in transient
transfection assays was driven by a CMV promoter, not by the
viral genome promoter and whether the mouse KC model with
extracellular Ca2+ is relevant for the viral replicative program,we attempted to transiently infect the mouse primary KCs
with BPV1 virus after they were grown in KC medium
containing 0–6 mM Ca2+ for 2 days (Fig. 7). Transcript of the
L1 gene driven by the BPV1 genome promoter in virus-
infected KCs was detected by quantitative RT-PCR, without
significant differences observed among the different Ca2+
concentration treatments (Fig. 7). Western blot analysis
showed that L1 protein with two molecular sizes (50 and
55 kDa) was detected in BPV1-infected KCs, whether the cell
were grown in medium with or without Ca2+ before virus
Fig. 7. Transient-infection assays of BPV1 virus in mouse primary KCs. Mouse
primary KCs were cultured in KC medium containing different concentrations
of extracellular Ca2+ (0–6 mM) for 2 days. The KCs were then grown in normal
KC medium and infected with BPV1 virus. RNA and protein samples were
prepared at 48 h post infection. (A) Transcript of the BPV1 L1 genes was
assessed by quantitative RT-PCR. As controls, transcript of γ-actin gene was
also analysed. Results are shown with the means (±S.E.M.) of four individual
assays from two independent experiments. (B) Expression of the BPV L1
protein analysed by Western blot is representative of two independent
experiments. β-Tubulin (Tub) was used as comparable loading control. *The
amount of BPV1 virus used for KC infection was analysed by Western blot as a
positive control. Two L1 bands from BPV1 virus-infected KCs were observed
with one at 55 kDa and another 50 kDa, which were quantified by scanning
densitometry (lower panel).
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virus-infected KCs treated with 0, 0.5 and 6 mM Ca2+ were
lower than that of the virus used for infection, suggesting that
the detected L1 protein might be from the input virus (Fig. 7).
The L1 protein signals in 2 and 4 mM Ca2+ treatments are
three-fold higher than the virus used for infection, suggesting
that L1 protein expression from the BPV1 genome could be
induced in virus-infected KCs upon addition of Ca2+ (Fig. 7).
Thus, the Ca+ experimental model used in the present study is
at least relevant for the BPV1 virus that uses its own genome
promoter to differentially drive L1 gene expression in both
undifferentiated and differentiated KCs.
Discussion
Numerous studies have identified a role for Ca2+ in
regulating KC differentiation both in vivo and in vitro. In vivo
studies have shown that the Ca2+ environment of the basal celllayer is substantially low and striking intercellular Ca2+
accumulates in the mid granular layer coupled with Ca2+ influx
in the upper granular layer in both mouse and human epidermis
(Menon et al., 1985; Yuspa et al., 1988) support the view that
intracellular Ca2+ regulates KC differentiation. In in vitro
experiments, KCs grow well as an undifferentiated monolayer
in serum-free medium or in medium containing a low Ca2+
concentration (<0.1 mM) (Seo et al., 2002). Increasing the
Ca2+ concentration of the medium induces KC differentiation
into a stratified structure with typically multiangular cornified
cells. The extent of epidermal KC differentiation depends on the
Ca2+ concentration in the culture medium (Hennings et al.,
1980a, 1980b; Yuspa et al., 1989). Medium containing about
1 mM Ca2+ is extensively used despite reports that different
Ca2+ concentrations in the medium also induce KC differentia-
tion (Edmondson et al., 2001; Pillai and Bikle, 1991; Xie et al.,
2005). Seo et al. (2002) reported that KC cell line HaCaT was
cultured in medium containing 8 mM Ca2+ for 2 and 5 days to
produce cell colony. We tried to culture the mouse primary KCs
in the medium containing 8 mM Ca2+ for 2 days but induction
of KC differentiation by such a high concentration of Ca2+ was
accompanied by loss of epithelial integrity, apoptosis and cell
detachment (unpublished data). In fact, microscopy revealed
that the mouse primary KCs lost the normal cell morphology
when they were grown in the medium containing 6 mM Ca2+
although expression of several cellular genes examined was not
affected (unpublished data). Thus, our results together with
previous studies may suggest that the concentrations of Ca2+
required for KC differentiation in culture depend on the origins
or sources of the KCs. The regulation of KC differentiation by
Ca2+ involves a number of signaling pathways including
phospholipase C (PLC) (Xie and Bikle, 2001a, 2001b; Xie et
al., 2005) and PKC activation, leading to the expression of
several proteins including involucrin and transglutaminase-K
required for the differentiation process (Bikle et al., 2001;
Kobayashi et al., 2001; Yang et al., 2003). Therefore, as a KC
differentiation marker, the importance of involucrin expression
has been well established (Kawabata et al., 2002; Yang et al.,
2003). In the present study, Ca2+-dependent expression of the
involucrin in the primary KCs cultured in vitro was proved by
Western blot, confirming that cell differentiation in primary
KCs cultures can be achieved by simple supplement of
extracellular Ca2+ to the culture medium.
The clear results of the present work show that Ca2+ can
enhance KC differentiation to differentially modulate PV L1
protein expression from both Nat and Mod L1 genes of two PV
types (HPV6b and BPV1). Expression pattern of the PV L1
proteins from the PV Mod L1 genes was significantly different
from that of the PV Nat L1 genes because their expressions
were differentially associated with KC differentiation. Several
viral genes, from the measles virus (MV) (Schneider-Schaulies
et al., 1993) and human cytomegalovirus (HCMV) (Meier and
Stinski, 1997), express their proteins in a manner that is
dependent on the differentiation state of the host tissues or cells.
Differentiation-dependent expression of the viral genes is
thought to be regulated at multiple levels via a variety of
intriguing mechanisms, but predominately via transcriptional or
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control of gene expression directed to undifferentiated or
differentiated cells is classically determined by altered promoter
methylation or by production of specific transcription factors
(Levine and Tjian, 2003). The modulator of the MIE gene
promoter in HCMV is shown to repress transcription from
promoter segments in undifferentiated THP-1 and Tera-2 cells
but not in differentiated cells (Meier and Stinski, 1997).
Activation of the minute virus of mouse (MVM) P4 promoter
is completely dependent on host transcription factors (Davis et
al., 2003). But, the present study suggests that the differentia-
tion-dependent expression of the PV L1 genes is regulated by a
translational control.
According to previous studies, translational control of
differentiation-dependent expression of viral and mammalian
genes is determined by interaction of regulatory mRNA
sequences with translational regulators (Hummel et al., 1995;
Levine and Tjian, 2003; Meier and Pruessner, 2000; Ostareck-
Lederer et al., 2002). The human cytomegalovirus (HCMV)
major immediate-early (MIE) genes, encoding IE1 p72 and IE2
p86, are activated by a complex enhancer region that operates in
a cell type- and differentiation-dependent manner (Meier and
Pruessner, 2000). In HPV, different mechanisms have been
proposed to explain the post-transcriptionally regulatory
expression of the late (L1 and L2) genes. The raft cultures
treated with activators of protein kinase C can induce post-
transcriptional changes in the late gene expression, which may
occur through inactivation or down-regulation of splicing
factors that inhibit use of the late region polyadenylation site,
resulting in increased instability of late region transcripts
(Hummel et al., 1995). Also, translational inhibitory mechan-
isms have been proposed to explain the block to PV L1 and L2
protein expression (Collier et al., 1998, 2002) including a major
inhibitory element located within the first 129 nucleotides of the
L1 gene. However, neither the “block” nor the inhibitory
element is incomplete, as how else would new infections/
particles arise. Over the last 10 years, no studies have shown
experimental data to explain the permissiveness of differen-
tiated epithelial cells for translation of the natural PV L1 gene
sequence. Thus, the proposed inhibitory mechanisms can not
explain the control of the expression of the PV L1 and L2 genes
in differentiated epithelial cells. Recently, we reported that
expression of either Nat orMod PV L1 genes could produce L1
protein translation in mouse primary keratinocyte cultures
(Zhao et al., 2005). In the present study, we revealed that
translation of PV Nat L1 genes is up-regulated by an increase of
the extracellular calcium up to 2 mM, while the translation of
the codon modified PV L1 is down-regulated upon extracellular
calcium in both human and mouse primary keratinocyte
cultures. Thus, the present results support further our previous
report that the primary determinant mediating differentiation-
dependent expression of the PV L1 proteins in KCs is the
synonymous codon usage of the PV L1 genes (Zhao et al.,
2005).
Recently, we have reasoned that if the PV L1 protein
production by the native L1 genes, which is blocked in less-
differentiated epithelial cells, is due to the restricted availabilityof the appropriate tRNAs, the tRNA pools should be different
between proliferative and differentiated KCs. We showed tRNA
profiles of the differentiated KCs in vivo, obtained by high
pressure liquid chromatography (HPLC) separation, were
distinct from those of undifferentiated cells in vivo in mouse
and bovine (Zhao et al., 2005). Moreover, we observed that aa-
tRNAs from differentiated KCs significantly enhanced transla-
tion of native PV L1 genes in a RRL cell-free in vitro translation
system. This further supported our hypothesis that codon
composition of the PV L1 genes might influence L1 protein
expression according to the availability of aa-tRNAs within the
cell (Zhao et al., 2005). In the present study, aa-tRNAs from the
mouse KCs cultured in medium containing 2 mM Ca2+
significantly enhanced translation of native PV L1 genes in a
RRL cell-free in vitro translation system. But the stimulated
effects of the aa-tRNAs from 2 mM calcium-treated KCs on
expression of the L1 proteins from the two Nat L1 genes in RRL
cell-free in vitro translation system were not as large as those
observed in KC cultures. The differences observed between the
two systems for expression of the Nat PV L1 genes are probably
due to several reasons. Firstly, the artificial aa-tRNAs may not
be well used for efficient translation of the Nat PV L1 genes in
RRL cell-free in vitro translation system. Secondly, the PV Nat
L1 genes can express the L1 proteins in RRL cell-free in vitro
translation system in the present and previous studies (Zhou et
al., 1999) although the expression efficiency is very low. Thus,
supplement of the exogenous aa-tRNAs may not bring the
dramatically stimulatory effects. Thirdly, the Nat PV L1 genes
may have completely exploited the aa-tRNA resources in the
calcium-treated KCs available for their efficient translation.
Thus, it appears that the inability of the native PV L1 genes to
express the L1 protein in undifferentiated KCs is due to the
mismatch between gene codon usage and cellular tRNA
abundance. This argument is strongly supported by our earlier
work that showed that the problem of translation blockage of PV
L1 genes in non-differentiated mammalian cells can be
alleviated by gene codon modification (Zhou et al., 1999), or
by cellular tRNA population alteration (Gu et al., 2004). The
argument is also supported by the previous studies in bacteria,
yeast and Drosophila (Bennetzen and Hall, 1982; Gouy and
Gautier, 1982). The use of synonymous codons is strongly
biased, comprising both bias between codons recognized by the
same tRNA and bias between groups of codons recognized by
different synonymous tRNAs. Therefore, highly expressed genes
use a subset of optimal codons in accordance with their respective
major isoacceptor tRNA levels. Thus, the correlation observed in
the present, and also in our earlier study (Zhao et al., 2005),
between differences in aa-tRNAs species and differential expres-
sion of the PV Nat and Mod L1 genes for differentiated and
undifferentiated KCs may have broad significance for selective
gene expression within multicellular eukaryotic organisms.
As an epithelial growth inhibitor, TGF-β may play a role in
the regulation of KC proliferation or differentiation in normal
human KCs (Cui et al., 1995; Werkmeister et al., 1998). TGF-β
inhibits KC growth without inducing differentiation (Matsu-
moto et al., 1990; Sharpe et al., 1994). The marked growth
inhibition of KCs by TGF-β under low Ca2+ condition
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related to proliferation (Matsumoto et al., 1990). Cho et al.
(2004) reported that TGF-β1 is associated with the more
differentiated state, and TGF-β2 and TGF-β3 may be
associated with the more proliferated state. However, KCs
maintained in the presence of TGF-β1 for 4 days show an
increase in transcriptional activity of the c-jun gene, which is
typically found in basal proliferating KCs (Lohman et al.,
1997). This is significantly higher than they maintained in the
presence of TGF-β1 for 3 days (Blatti and Scott, 1992). It has
been reported that TGF-beta inhibits HPV16 early gene
expression at the transcriptional levels in normal human KCs
(Baldwin et al., 2004), but little is known whether additional
TGF-β regulates expression of HPV late genes in KC culture.
In the present study, we observed that TGF-β regulating
expression of the PV L1 proteins in the mouse primary KCs
associated with the codon usage of the L1 genes and the
calcium concentration in the medium. The effects of TGF-β
on expression of the PV L1 proteins from the Nat PV L1
genes associated with the calcium concentration in the
medium is consistent with an earlier study of involucrin
expression in human KCs (Matsumoto et al., 1990). A
previous study has reported that TGF-β (20 ng/ml) decreased
expression of the differentiation marker protein involucrin
from 7.0% to 3.3% in human KCs cultured under low Ca2+
condition (0.1mM), while it increased involucrin expression
from 9.3% to 18.8% under high Ca2+ condition (1.8 mM)
(Matsumoto et al., 1990). It appears that TGF-β1 inhibits
differentiation of the mouse KCs under low Ca2+ conditions,
but may enhance differentiation under high Ca2+ conditions.
Thus, it suggests that the effect of TGF-β on the expression
of the Nat PV L1 genes in mouse KCs by differentially
regulating cell differentiation is Ca2+ dependent.
PVs are exclusively epitheliotropic viruses; they have
evolved a unique replication strategy, which depends
absolutely upon the differentiation of the KCs. Only KCs or
cells with the potential for squamous maturation can be
infected. However, infection of such monolayer cultures of
KCs with HPV virions derived from either cutaneous (HPV1)
or genital (HPV11) warts has been disappointing with
transient replication only of the episome and rapid loss of
DNA from the cells (Mungal et al., 1992). In the present
study, we surprisingly observed that BPV1 virus can
transiently infect mouse primary KCs to express L1 transcript
in virus-infected KCs without or with Ca2+ pre-treatment. Our
data is consistent with a previous study by Venuti and
Colleagues (Venuti et al., 1995). Venuti et al. (1995) reported
that primary human KCs can be infected by natural HPV 11
and 16 virions, which are isolated from flat condylomas and
biopsies of dysplastic lesions. The work has shown that: 1)
late transcripts (L1 and L2) were detected in the virus-infected
KCs shortly after infection; 2) the persistence of HPV was
limited to early passages after infection and 3) the loss of viral
DNA preceded cell culture senescence (Venuti et al., 1995).
But it was not clear whether the late viral proteins could be
produced in the virus-infected KCs. In the present study,
translational expression of the L1 gene can occur in the virus-infected KCs that have been induced to differentiate by high
concentrations (2–4 mM) of extracellular Ca2+ prior to virus
infection. Thus, it appears that mouse KCs induced to
differentiate by extracellular Ca2+ may provide the required
cellular environments for transient BPV1 infection and L1
protein expression even though they are not the naturally host
cells for BPV1 infection. Based on the L1 protein expression
data, it appears that the BPV1 virus has been replicated using
the viral genome promoter in the BPV1-infected KCs over the
48 h time period. If it is true, it will be interesting to know: 1)
whether the viral replication can continue to occur; 2) whether
expression of the viral early genes can be detected and 3)
whether BPV1 virions can be produced in the virus-infected
KCs cultured for a longer period. Thus, more detailed studies
including genetic analysis of the life cycle of BPV1 are
required using the Ca+-KC experimental system.
In conclusion, the present study has clearly indicated that
calcium is an important regulator of KC differentiation in in
vitro culture, which can differentially regulate expression of the
authentic and codon modified L1 genes of two types of the PVs
(BPV1 and HPV6b) examined at the translational level.
However, it has been reported that reduction of the levels of
mitogens including EGF and bovine pituitary extract in the
culture medium can induce a more complete form of squamous
differentiation, which also allows the cultured KCs to produce a
multi-layer form (Ghahary et al., 2001). Thus, this interesting
experiment system appears to be worthy of using for the study
of differentiation-associated expression of the viral genes from
the multiple types of PVs in future.
Materials and methods
PV L1 gene expression plasmids
Four PV L1 gene expression plasmids pCDNA3HPV6b Nat
L1, pCDNA3HPV6b Mod L1, pCDNA3BPV1 Nat L1 and
pCDNA3BPV1Mod L1 used in the experiments have previously
been described (Zhao et al., 2005). The plasmids were amplified
and purified using the Max-Prep Kit from (Promega) following
to the instruction provided by the manufacturer.
Cell culture, calcium treatment, DNA transfection and BPV1
virus infection
Mouse KCs were isolated from new born mouse skin as
described previously (Zhao et al., 2005). Briefly, skin from new
born mouse was incubated in 2.5% dispase (Gibco, Australia) at
4 °C for 24 h. The mouse epidermis was separated from the
dermis tissue from the digested skin and then trypsinized
(0.25% dispase/versene) at room temperature for 4–6 min,
followed by continual pipetting for 1 to 2 min. The suspended
mouse KCs were harvested by centrifugation. The isolated KCs
were directly grown as adherent cultures at a cell density of
8×104 cells per cm2 in KC-SF medium (Gibco, Australia)
supplemented with different concentrations of Ca2+ (0–6 mM)
for 2 days. They were then transfected with PV L1 gene
expression constructs (pCDNA3 Nat HPV6b L1, pCDNA3
195N.-X. Fang et al. / Virology 365 (2007) 187–197Mod HPV6b L1, pCDNA3 Nat BPV1 L1 and pCDNA3 Mod
BPV1 L1) using lipofectamine (Invitrogen, Australia). After
transfection, DNA-transfected KCs continued to grow in KCSF
medium for 42 h before collecting for RNA and protein
preparation.
In BPV1 virus infection experiment, the newly prepared
mouse KCs were grown as adherent cultures at a cell density
of 8×104 cells per cm2 in KC-SF medium (Gibco, Australia)
supplemented with different concentrations of Ca2+ (0–6 mM)
for 2 days. They were then grown in normal KC-SF complete
medium (0.09 mM Ca2+) and infected with BPV1 virus for
48 h. The KCs were then collected for RNA and protein
preparation.
TGF-β1 treatment and DNA transfection
Mouse primary KCs were grown in normal KC-SF complete
medium (Gibco, Australia) for 2 days. Then they were treated
with 20 ng/ml TGF-β1 only (Sigma, Australia), or with 20 ng/ml
TGF-β1 plus 2 mM Ca2+ for 24 h. After TGF-β1 treatment, the
KCs were transfected with the four PV L1 gene expression
constructs and collected for RNA and protein preparation
described as above.
Western blot analysis
Western blot analysis was basically as previously described
(Zhao et al., 2005). Briefly, the keratinocyte cell lysates were
made in phosphate-buffered saline (PBS), pH 7.4, containing
1 mM of phenylmethane sulphonyl fluoride (PMSF) (Sigma,
Australia), 2 μg/ml of benzamidine (Sigma, Australia) and
1 μg/ml of leupeptin (Auspep, Australia), and sonicated briefly.
30 μg total protein samples were separated by SDS-PAGE and
blotted onto PVDF membrane. The blots were first probed with
Camvir-1 (BD Biosciences, CA, USA) monoclonal antibody
against PV L1 protein, or with a polyclonal antibody against
involucrin (Covance, NJ, USA). Then the blots were probed
with horseradish-peroxidase-conjugated goat anti-mouse IgG
(Sigma, Australia) and visualized using a chemiluminescence
system (ECL kit, Amersham, Australia). After probing for L1,
the blots were stripped and relabeled with antibody against β-
tubulin for loading control.
Quantitative reverse-transcription (RT)-PCR
Total RNAs were extracted from KCs transfected with
different PV L1 expression plasmids by using TRI reagent
(Sigma, Australia). 100 ng RNA purified from cultured KCs
transfected with different PV L1 gene expression constructs
was converted to complementary DNA using random primers
and reverse transcription kit (Promega, Australia). Then, 50 ng
of cDNA from each RNA sample was used in a 20-μl RT-PCR
reaction using the FastStart DNA Master SYBR Green I kit
supplemented with 3 mM MgCl2 and Platinum Taq Polymerase
(Qiagen, Australia). Quantitative RT-PCR was undertaken
using the Taqman system (Applied Biosystems). The efficiency
of amplification for each pair of primers was determined usinga standard curve that was generated using serially diluted
plasmid DNA.
Immunofluorescence labeling staining
The KCs were fixed in 85% ethanol. Fixed KCs were blocked
with 5% skimmilk-PBS and probed with a monoclonal antibody
against L1 followed by fluorescein–isothiocyanate-conjugated
(FITC) anti-mouse immunoglobulin G (IgG) (Sigma, Australia).
The L1-labeled KCs were further blocked with 5% skim milk-
PBS and probed a polyclonal antibody against involucrin
(Covance, NJ, USA) with Cy3-conjugated secondary antibody
(Sigma, Australia). Nuclei were counterstained by DAPI
(Sigma, Australia). The KCs labeled with both L1 and involucrin
were examined by immunofluorescent microscopy.
Preparation of aminoacylated-tRNAs
Total tRNAs were extracted and purified from the mouse
KCs cultured either in calcium free (0 mM) medium or in 2 mM
Ca2+ supplemented medium using a Qiagen kit (Qiagen,
Australia). Aminoacylated-tRNAs (aa-tRNAs) were produced
as previously described (Zhou et al., 1999).
Cell-free in vitro translation assay
For cell-free in vitro translation reaction, each PV L1
plasmid DNA (1 μg) was added to 30 μCi of [35S]-methionine
(Amersham, Australia) and 50 μl of T7-DNA polymerase
coupled rabbit reticulocyte lysates (RRL) (Promega, Australia)
reaction mixture supplementing with or without 2 mM Ca2+,
and with or without additional aa-tRNAs as indicated.
Translation was performed at 30 °C for 15 min and stopped
by adding SDS-PAGE loading buffer. The L1 proteins were
separated by SDS-PAGE on a 10% gel and blotted onto PVDF
membrane. The blots were imaged by PhosphoImage screen
and quantified by densitometric analysis using the Imagequant
program (Molecular Dynamics, USA).
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